Using a superoxide (O 2 À ) generation assay system with differentiated HL-60 cells, 1,2-di-O--linolenoyl-3-O--galactosyl-sn-glycerol (DLGG) was identified as an O 2 À generation inhibitor from Perilla frutescens var. crispa (a local variety, kida-chirimen shiso). DLGG suppressed the O 2 À level in a dose-dependent manner with an IC 50 value of 21 M, comparable to those of rosmarinic acid (RoA, IC 50 ¼ 29 M) and caffeic acid (CA, IC 50 ¼ 30 M). While RoA and CA also dosedependently inhibited O 2 À generation in a xanthinexanthine oxidase system, DLGG had no effect in the same system. Thus DLGG appeared to decrease the O 2 À level in the HL-60 assay system by mechanisms different from those of RoA and CA, which appeared to act as O 2 À scavengers.
À level in the HL-60 assay system by mechanisms different from those of RoA and CA, which appeared to act as O 2 À scavengers.
Key words: Perilla frutescens; 1,2-di-O--linolenoyl-3-O--galactosyl-sn-glycerol (DLGG); superoxide; xanthine oxidase; HL-60 cells Phagocytes produce superoxide anions (O 2 À ) and nitric oxide (NO) in response to infectious stimuli. While reactive oxygen and nitrogen species are important toxic molecules acting against pathogens in the immunological defense system, excessive production in chronic inflammation is known to cause various inflammation-related diseases, including cancer, diabetes, and atherosclerosis. [1] [2] [3] [4] Because O 2 À is the initial reactive oxygen species generated by NADPH oxidase and other enzymes, the step that produces it is a potential medicinal target in the prevention of such diseases. In the course of a screening study for edible plants that suppress O 2 À production, significant inhibitory activity was observed in one of the local varieties in Fukui Prefecture, Perilla frutescens var. crispa (kida-chirimen shiso).
The active principle was traced based on inhibitory activity against 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced O 2 À generation in an assay system with human promyelocytic HL-60 cells, which had been differentiated into neutrophil-like cells by dimethylsulfoxide (DMSO).
5) The differentiated cells release a 
The 1 H-NMR signals in the region of 3.5-4.5 ppm suggested the presence of sugar and partly acylated glycerol moieties. In addition, the signals at 0.97, 1.2-1.4, 2.0-2.1, 2.33, 2.80, and 5.3-5.5 ppm indicated the presence of two residues of an unsaturated fatty acid, strongly suggesting that 1 is a glyceroglycolipid. In the base-catalyzed methanolysis of 1, the liberation of only methyl -linolenate was confirmed by GLC analysis on an Inertcap-225 capillary column. The presence of a galactosyl moiety was also determined by GLC analysis (Inertcap-225 capillary column), in which TMS-galactose, derived from the acid hydrolysate of the products (alcohol fraction) of base-catalyzed methanolysis, was detected. One of the two unsaturated fatty acids was determined to be esterified to the secondary hydroxyl group (2-OH) of glycerol based on the chemical shift of a multiplet signal at 5.7 ppm on 1 H-NMR (400 MHz, d 5 -pyridine). This signal was assignable to the proton attached to the acylated carbon (C-2 of glycerol moiety). In addition, the -anomer form of the galactose moiety was deduced from the coupling constant (J ¼ 7:5 Hz) of the proton at the anomeric position of the galactosyl group at 4.27 ppm. Also, it was suggested that the galactoside linkage was biosynthetically formed with the y To whom correspondence should be addressed. Fax: +81-776-61-6015; E-mail: mastak@fpu.ac.jp Abbreviations: O 2 À , superoxide; NO, nitric oxide; SOD, superoxide dismutase; TPA, 12-O-tetradecanoylphorbol-13-acetate; -LA, -linolenic acid; XA, xanthine; XOD, xanthine oxidase; RoA, rosmarinic acid; CA, caffeic acid; DMSO, dimethylsulfoxide hydroxyl group at the sn-3 carbon of glycerol (Sconfiguration at C-2 of glycerol). 7) This configuration was further confirmed by the specific rotation ½ D 20 ¼ À4:5 (c 0.22, CHCl 3 ), which was identical to previous data. [8] [9] [10] Hence the structure of 1 was elucidated to be 1,2-di-O--linolenoyl-3-O--galactosyl-sn-glycerol (DLGG), as shown in Fig. 1 .
As shown in Fig. 2 , DLGG dose-dependently inhibited TPA-induced O 2 À generation in the assay system with DMSO-differentiated HL-60 cells, and the IC 50 value (21 mM) was comparable to those of rosmarinic acid (RoA, 29 mM) and caffeic acid (CA, 30 mM), representative dietary O 2 À scavengers. 11, 12) RoA has been reported in P. frutescens and CA is a related phenolic compound (Fig. 1) . 12) Moreover, -linolenic acid (-LA, IC 50 ¼ 9:2 mM), the constituent fatty acid of DLGG, showed approximately 2 times stronger activity than DLGG.
When O 2 À generation was investigated using WST-1 in a noncellular xanthine-xanthine oxidase (XA-XOD) system to test O 2 À scavenging activity, neither DLGG nor -LA had any effect (Fig. 3) , but RoA and CA markedly and dose-dependently inhibited WST-1 formazan formation, which was abrogated by superoxide dismutase (SOD). 13) Thus, RoA and CA are suggested to be O 2 À scavengers, as described previously, 11, 12) while DLGG and -LA do not appear to be O 2 À scavengers. The activation mechanism of NADPH oxidase in neutrophils involves many steps, such as the assembly of cytosolic phox proteins (p47 phox , p67 phox , and p40 phox ), membrane-integrated heterodimeric flavocytochrome b558 (Nox2 and p22 phox subunits), and GTP-Rac protein. 14, 15) Because DLGG might be a weak surfactant, it might disturb the assembly of the essential components by affecting membrane transport and protein translocation, as described previously, in the O 2 À generation inhibitory mechanism of phospholipids. 16) Detailed mechanistic study is underway.
DLGG is widely distributed in plants, [8] [9] [10] 17, 18) and has been reported to have several bioactivities, including suppression of NO radical production in macrophage cells via suppression of inducible NO synthase production. 19) We also confirmed that DLGG inhibited NO production in RAW264 macrophage cells stimulated by lipopolysaccharide and interferon-at an IC 50 value of 20 mM, identical to the results of a previous report. 19) Thus, it is interesting that DLGG can inhibit both O 2 À and NO generation from activated phagocytes.
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This study was supported in part by a Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science, and Technology of Japan, and by the program Research Grants of Fukui Prefecture. C for 60 min, the formation of WST-1 formazan was investigated by measuring the increases in A 450 values. The relative inhibition rate of the increase of A 450 , which was eliminated by SOD at 30 U/mL, was calculated. Data are expressed as mean AE SD (n ¼ 3{4). Each experiment was performed more than twice independently. Cell viability as confirmed by trypan blue exclusion was more than 90% after incubation. XOD (EC 1.1.3.22) catalyzes O 2 À generation through the conversion of XA to uric acid. It was applied at 6 mU/mL to the reaction buffer (50 mM Tris-HCl pH 7.8, 0.1 mM EDTA, 0.08 mM XA, and 250 mg/mL WST-1) in the presence of individual samples.
13) The amount of O 2 À generation was measured by the increase in A 450 values caused by the formation of WST-1 formazan after incubation at 37 C for 90 min. To measure precisely the increase in A 450 values due to O 2 À , the same reactions were performed in the presence and the absence of SOD at 30 U/mL. The increases in the A 450 values in the presence of SOD were subtracted as blank values from those in the absence of SOD. Then the relative O 2 À scavenging activities of the samples were calculated from the subtracted A 450 values. Data are expressed as mean AE SD (n ¼ 3). Each experiment was repeated twice independently.
